Background: Neuraxial anaesthesia is frequently used for lower limb arthroplasty but it is unclear whether benefits vary among patients receiving different subtypes of neuraxial anaesthesia. We evaluated whether differences in risk for adverse postoperative outcomes exist between patients receiving combined spinal and epidural (CSE), epidural, or spinal anaesthesia. Methods: In this retrospective cohort study, we identified 40 852 patients who underwent total hip and knee arthroplasty (THA and TKA) procedures under neuraxial anaesthesia (34 301 CSE, 2464 epidural, 4087 spinal) between 2005 and 2014 at a single institution. We used multivariable logistic regression to evaluate the following outcomes: cardiac, pulmonary, gastrointestinal, renal/genitourinary, and thromboembolic complications, and prolonged length of stay. Results: Compared with CSE, spinal anaesthesia was associated with reduced adjusted odds for cardiac [odds ratio (OR), 0.68; 95% confidence interval (CI), 0.52e0.89], pulmonary (OR: 0.51; 95% CI: 0.38e0.68), gastrointestinal (OR: 0.50; 95% CI: 0.32e0.78), and thromboembolic complications (OR: 0.40; 95% CI: 0.23e0.73), and prolonged length of stay (OR: 0.72; 95% CI: 0.66e0.80). Patients who received epidural anaesthesia did not have significantly different odds for any outcomes compared with CSE patients. Conclusions: We identified clear differences in risk for certain postoperative events by subtype of neuraxial anaesthesia, suggesting that spinal anaesthesia is associated with the most favourable outcomes profile.
Postoperative complications are a major concern for providers and their patients, and identifying underlying risk factors has been a central focus in recent perioperative medicine research. There has been growing support for the notion that anaesthetic technique can modify risk for adverse events. Furthermore, a decrease in cost of care and hospital resource utilisation, especially in joint arthroplasty patients, has been suggested to be associated with the use of neuraxial anaesthesia. Specifically, as opposed to general anaesthesia, neuraxial anaesthesia may significantly reduce the odds for a range of adverse and unplanned events, including the need for blood transfusions, unplanned intubation, stroke, surgical site infections, cardiovascular and pulmonary complications, prolonged length of stay (LOS), and other adverse outcomes. 1e4 In recent years, population-based studies on this topic have produced surprisingly consistent results in favour of neuraxial anaesthesia. However, no firm conclusions have been drawn on differences in patient outcomes according to the subtype of neuraxial anaesthesia.
Our aim was to evaluate the modifying effect of type of neuraxial anaesthesia on a range of postoperative outcomes among total hip and knee arthroplasty (THA and TKA) patients. We hypothesised that differences among neuraxial anaesthesia techniquesdthat is, between epidural, spinal, and combined and spinal epidural (CSE) anaesthesiadwould exist.
Methods
After receiving approval from the Hospital for Special Surgery (HSS) Institutional Review Board (IRB # 2016-436), we obtained and merged internal administrative billing and clinical datasets from 2005 to 2014.
Study population
We identified patients who underwent THA and TKA procedures using International Classification of Diseases, 9th Revision (ICD-9) codes (THA, 81.51; TKA, 81.54). Our initial dataset consisted of 56 351 patients within the specified time frame. Cases in which type of anaesthesia was missing (n¼10 138) and in which the patient was paediatric (n¼41) were excluded. In addition, we excluded surgeries that were not the first THA or TKA for a patient within the study time frame (n¼4145; i.e. we removed duplicate cases). We also excluded patients whose surgeries did not take place on their date of admission (n¼261), in order to avoid possible unmeasured confounding that could be associated with the need for a postponed surgery (given that patients at the study's institution would typically be admitted on the day of surgery, unless a contraindication leads to a postponement) and those who received general anaesthesia (n¼914). Ultimately, this study included 40 852 unique patients (20 613 THA and 20 239 TKA).
Study variables
ICD-9 diagnosis codes that were not present on admission (i.e. diagnoses that emerged during hospital stay) were used to determine whether patients had experienced each of the following events: cardiac, pulmonary, gastrointestinal, renal/ genitourinary, and thromboembolic complications (Appendix 1). Additionally, prolonged LOS was defined as hospital stay exceeding 4 days (corresponding to the 75th percentile for LOS among patients in this cohort).
Type of anaesthesia, as specified in anaesthesia billing data, was classified for each patient as one of the following: CSE, epidural, or spinal. Anaesthesia billing data also indicated level of disease burden according to the ASA Physical Status Classification System (ASA PS), which was classified for each patient as either 1e2 or 3e4, with the latter category indicating greater severity of disease burden.
As per routine practice, patients received propofol sedation intraoperatively in addition to the neuraxial anaesthetic. The use of additional sedative drugs such as benzodiazepines and ketamine is subject to individual practice; thus, we decided to include these as independent variables in our multivariable analysis. Use of perioperative benzodiazepines and ketamine was defined dichotomously as whether a patient was given these medications intraoperatively, postoperatively (through postoperative day 2), or both intraoperatively and postoperatively. Intraoperative benzodiazepine and ketamine data were stored in Omnicell devices (Omnicell Inc., Mountain View, CA, USA). Postoperative pharmacy data were stored in CliniCIS, a database managed by Allscripts Healthcare Solutions Inc. (Allscripts Healthcare Solutions Inc., Chicago, IL). CliniCIS data were unavailable for patients whose procedures took place in 2005 and 2006. Baseline laboratory values were extracted from hospital data stored in Psyche Laboratory Software (Psyche Systems Corporation, Milford, MA, USA) before 2007 and in CliniCIS for subsequent periods. We considered baseline values of haemoglobin and creatinine as further indicators of baseline comorbidity. Baseline measurements of the international normalised ratio (INR) and platelet count were considered as they may influence the choice of anaesthesia technique, as suggested by clinical guidelines. 5 
Statistical analysis
We used descriptive statistics to summarise patient characteristics for those who underwent neuraxial anaesthesia, stratified by type of anaesthesia (CSE, epidural, or spinal). Categorical variables were summarised as number (%) and analysed across anaesthesia categories using a c 2 test.
Continuous variables were reported as median (inter-quartile range) and were compared across types of anaesthesia using a one-way analysis of variance test. The number (%) of missing data is also specified for variables when applicable.
Multiple imputation techniques were utilised to estimate missing values, under the assumption that data were missing Editor's key points Neuraxial anaesthesia is recommended for lower limb arthroplasty, but there are different approaches to this technique. Both epidural and combined spinaleepidural techniques are less commonly used for lower limb arthroplasty. This large cohort study of data from a single centre identified superior outcomes when using a single-shot spinal technique. at random. 6, 7 Missing continuous data were imputed using predictive mean matching and binary data were imputed using logistic regression imputation. Multivariable logistic regression modelling was used to predict odds ratios (OR) and 95% confidence intervals (CI) for each postoperative outcome, adjusted for the following covariates: type of neuraxial anaesthesia (CSE, epidural, or spinal), perioperative sedative medication use (benzodiazepines, ketamine), time period (categorised every 2 years from 2005 to 2014), age (in years), sex (male or female), type of surgery (TKA or THA), ASA PS (1e2 or 3e4), and baseline laboratory values (haemoglobin, creatinine, INR, and platelets).
To adjust for multiple comparisons between the six outcomes of interest, we used a Bonferroni correction to establish a more stringent cut-off (P<0.008z0.05/6) for determining statistical significance of our logistic regression results.
A sensitivity analysis evaluated the same primary hypothesis and considered the impact of including multiple imputed data, by excluding patients with one or more missing data points, thus leaving 27 042 patients for inclusion in this analysis.
An area under the receiver operating curve (AUC) was determined for each logistic regression model to assess model discriminatory effectiveness for each postoperative outcome.
All analyses were performed using R version 3.3.3 and RStudio version 1.0.136. 8, 9 Various open-source R packages were also used for facilitating multiple imputation, statistical analysis, and data summaries. 
Results
Of 40 852 patients in this cohort, 34 301 (84.0%) received CSE, 2464 (6.0%) received epidural, and 4087 (10.0%) received spinal anaesthesia. All five complications defined by ICD-9 codes (cardiac, pulmonary, gastrointestinal, renal/genitourinary, and thromboembolic) occurred at relatively low rates and, with the exception of renal/genitourinary complications (which did not differ significantly across the anaesthesia categories), the lowest rates were consistently present among patients who received spinal anaesthesia (Table 1) . Prolonged LOS also occurred at a significantly lower rate among spinal anaesthesia patients (13.0%) compared with CSE (19.7%) and epidural (21.8%) patients. Patients who received epidural anaesthesia had higher baseline disease burden compared with those in the CSE and spinal anaesthesia groups. In particular, whereas 10.6% of epidural patients had an ASA PS of 3e4, 7.5% of spinal anaesthesia patients and 8.1% of CSE patients were in this comorbidity burden category. Additionally, baseline haemoglobin and INR were both highest among spinal anaesthesia patients compared with CSE and epidural patients, whereas baseline platelet counts were highest among CSE patients compared with epidural and spinal patients.
The primary multivariable logistic regression models included 40 852 patients. The results of these models suggested that unmodifiable factors such as year of surgery, age, sex, type of surgery, ASA PS, and baseline laboratory values were significant predictors for some or most outcomes (Table 2 ). For example, ASA PS of 3e4 (compared with 1e2) and higher baseline creatinine were associated with increased odds for pulmonary and renal/genitourinary complications and for prolonged LOS.
At P<0.008, patients who received spinal anaesthesia had lower odds of cardiac (OR: 0.68; 95% CI: 0.52e0.89), pulmonary (OR: 0.51; 95% CI: 0.38e0.68), gastrointestinal (OR: 0.50; 95% CI: 0.32e0.78), and thromboembolic complications (OR: 0.40; 95% CI: 0.23e0.73), and prolonged LOS (OR: 0.72; 95% CI: 0.66e0.80), compared with those who received CSE.
In addition, perioperative ketamine use was associated with significantly increased odds for prolonged LOS (OR: 1.22; 95% CI: 1.12e1.34), whereas perioperative benzodiazepines were associated with reduced odds for the same outcome (OR: 0.78; 95% CI: 0.70e0.87).
The regression models predicting cardiac, pulmonary, and renal/genitourinary complications, and prolonged LOS had only moderate discriminatory ability, as suggested by AUCs in the range of 0.64e0.69. In contrast, the AUCs for gastrointestinal and thromboembolic complications (0.71 and 0.77, respectively) exhibited greater effectiveness at distinguishing between patients who did and did not develop those outcomes.
A sensitivity analysis excluded patients who initially had one or more pieces of missing data, thus restricting to 27 042 patients who had complete (i.e. no missing) data. Adjusting for the same covariates and evaluating the same 6 outcomes as in Table 2 , the results of this sensitivity analysis suggest similar findings (Table 3 ). Specifically, spinal anaesthesia patients had the lowest odds for cardiac, pulmonary, and gastrointestinal complications, and prolonged LOS. In contrast to the results of the primary analysis, spinal anaesthesia was no longer a significant predictor for thromboembolic complications, although this approached statistical significance at P¼0.042. Additionally, the results of the sensitivity analysis suggest increased risk for gastrointestinal complications among patients receiving perioperative ketamine and decreased risk for renal/genitourinary complications among those who received perioperative benzodiazepines. In the primary analysis, the effects of ketamine on gastrointestinal complications and of benzodiazepines on renal/genitourinary complications approached but did not reach statistical significance.
Discussion
The purpose of this study was to approach the question of the modifying effect of type of anaesthesia on postoperative outcomes in a more nuanced manner than has been studied previously. Although there is increasing support regarding the notion that the use of neuraxial anaesthesia, rather than general anaesthesia, is associated with a reduction in risk for a range of adverse perioperative outcomes, this study expands the breadth and depth of this notion by highlighting important differences in risk for those outcomes depending on the subtype of neuraxial anaesthesia that is used. This study further identifies the type of neuraxial anaesthetic with the best outcome profile as a single shot spinal technique.
In this study of 40 852 primary THA and TKA patients who underwent CSE, epidural, or spinal anaesthesia, we found that patients who underwent spinal anaesthesia had the lowest risk for adverse outcomes compared with those who received CSE or epidural anaesthesia. In particular, compared with CSE and epidural, the use of spinal anaesthesia was associated with reduced odds for cardiac, pulmonary, gastrointestinal, and thromboembolic complications, and prolonged LOS ( Table 2 ). The only exception to this was for renal/genitourinary complications, where patients in the three neuraxial anaesthesia groups did not differ significantly in risk for that complication.
The favourability of outcomes among patients who received spinal anaesthesia rather than epidural or CSE across five of the six outcomes explored in this study could, theoretically, be related to other exposures not accounted for in our analyses. For instance, the use of neuraxial opioids or peripheral nerve blocks (PNBs), supplementary to the neuraxial anaesthetics, was not considered in our original analyses. However, routine practice at the institution where this study was conducted (especially for TKA patients) typically would involve the use of PNBs. In a small number of patients, neuraxial opioids may be administered intraoperatively for the purpose of postoperative pain control. To consider the potential that these additional forms of perioperative pain management may have impacted the outcomes considered in this study, we conducted two posthoc analyses, each of which consisted of modelling the same six outcomes as in our primary analyses. The first post-hoc analysis added neuraxial opioids as a covariate to each of these models (in addition to the covariates that we adjusted for in the original analysis), and the second posthoc analysis added PNBs. In both post-hoc analyses, the addition of neuraxial opioids or PNBs did not lead to meaningful changes to the magnitude or significance of the effects of anaesthesia technique on risk for the postoperative outcomes considered.
The benefits of spinal anaesthesia could potentially be attributable to two different aspects: (1) the positive beneficial impact, and (2) less negative profiles in comparison with epidural, CSE, or both. Neuraxial anaesthesia reduces surgical stress response 12, 13 and blocks noxious surgical insults. 14, 15 To date, there are a limited number of studies comparing spinal anaesthesia and epidural/CSE anaesthesia, and most of these studies were conducted among obstetric patients without much update in recent years. Nonetheless, spinal anaesthesia is associated with more complete, denser surgical block and thus less chance of a patchy block resulting in pain during surgery. 16, 17 The incidences of postoperative complications, such as post-dural puncture headache, were also lower among the spinal anaesthesia patients. 16 Additional theory contributing to the outcome differences between epidural and spinal anaesthesia might exist in postoperative analgesia management with epidural infusion and co-existing practice of placing Foley catheter. Several limitations of this study need to be addressed. Given that the study involved data from a single institution, there is risk for selection bias that may limit the external validity of our findings. However, because of the high standardisation in perioperative care within this institution, irrespective of anaesthesia type given, the influence of confounding might be reduced. In addition, since we evaluated only elective joint arthroplasty patients, the effect of anaesthesia type on patients undergoing other types of surgery is left to be studied. Additionally, the use of ICD-9 codes for defining postoperative complications may limit the precision and accuracy of our assessment. In particular, past research has suggested that the use of ICD-9 codes may lead to underestimated rates of diagnoses.
18 However, we assume that all groups of interest were equally exposed to this bias within this single institution's database. Another limitation is that this study considers only a small number of possible outcomes that could be of concern for an orthopaedic population, and which could be impacted by subtype of neuraxial anaesthesia. We did not consider the occurrence of spinal cord injuries in this patient population and the potentially modifying effect of neuraxial anaesthesia subtype on this outcome. However, a previous retrospective study of joint arthroplasty patients from the same institution as the present study considered patients receiving either spinal anaesthesia alone (n¼37 171) or CSE (n¼62 856) and found a very low incidence of spinal cord compression (n¼8, i.e. approximately 1 in 12 500). None of the patients in the prior study who experienced spinal cord compression received spinal anaesthesia alone. 19 Thus, we would expect a similarly low incidence of this outcome in the current study cohort, and therefore it may not have been feasible or appropriate to analyse this outcome under the same methodologies as in the current paper. Future population-based studies using multicentre data with much larger sample sizes could more effectively evaluate the effect of neuraxial anaesthesia subtype on outcomes with very low incidence. Missing data is another issue that may have led to biased results. For example, we observe that a significantly lower percentage of patients who received epidural anaesthesia received perioperative benzodiazepines, compared with CSE and spinal anaesthesia patients. It is potentially problematic that a higher percentage of epidural anaesthesia patients (26.2%) had missing perioperative benzodiazepine data compared with the percentages of missing benzodiazepine data for CSE (13.3%) and spinal (9.7%) patients (Table 1) . By applying multiple imputation before performing our primary analyses, we sought to reduce the bias associated with missing data. Confounding by indication and residual confounding may limit the generalisability of this study. As demonstrated in the descriptive summary in Table 1 , there were some baseline differences in patients' comorbidities by neuraxial anaesthesia type, such that a significantly higher percentage of epidural patients (10.6%) were in the ASA PS group of 3e4, compared with 8.1% of CSE patients and 7.5% of spinal anaesthesia patients. In our retrospective database, we did not have access to information specifying the reason an anaesthesiologist chose to use a particular anaesthetic. Thus, it is possible that the higher baseline disease burden among epidural and CSE patients, compared with spinal anaesthesia patients, may be the driver of an apparent difference in risk for adverse postoperative outcomes between these groups, rather than the anaesthesia technique itself having a modifying effect on those outcomes. We sought to reduce this possible indication bias by adjusting for other clinically relevant covariates with regression analysis.
In conclusion, this study adds to the mounting evidence that anaesthesia technique can modify risk for postoperative complications and may shorten hospital LOS. Importantly, our results add nuance to this discourse, suggesting differences in risk for adverse outcomes exist not just between neuraxial and general anaesthesia, but among subtypes of neuraxial anaesthesia. In a cohort of patients receiving neuraxial anaesthesia, those receiving spinal anaesthesia may have the lowest risk for cardiac, pulmonary, gastrointestinal, and thromboembolic complications, and prolonged LOS.
Further research will be necessary for validation of these findings, and to consider the question of modifiable risk factors for outcomes other than those considered in the current study. 
